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Abstract. Experiments focusing on plant growth regulatorsʼconcentrations and combina-
tions, mineral salt formulations, and TDZ pretreatment formations were conducted to 
optimize in vitro shoot regeneration from leaf and petiole explants of ʻMarionʼ black-
berry. Optimum shoot formation was obtained when stock plants were incubated in TDZ 
pretreatment medium for 3 weeks before culturing leaf explants on regeneration medium 
(Woody Plant Medium with 5 µM BA and 0.5 µM IBA) in darkness for 1 week before 
transfer to light photoperiod (16-hour photoperiod at photosynthetic photon flux of 
≈50 µmol·m–2·s–1) at 23 °C ± 2 °C for 4 weeks. Under these conditions, ≈70% of leaf explants 
formed ≈40 shoots per petri dish that could be harvested and rooted to form plantlets. 
Chemical names used: N6-benzyladenine (BA); 2,4-dichlorophenoxyacetic acid (2,4-D); 
gibberellic acid (GA3); indole-3-acetic acid (IAA); indole-3-butyric acid (IBA); α-naph-
thaleneacetic acid (NAA); N-phenyl-Nʼ-1,2,3-thidiazol-5-ylurea [thidiazuron (TDZ)].

al., 1994). In these studies, shoot regeneration 
competence varied widely among genotypes 
dictating that experiments be conducted to 
develop an optimized protocol for individual 
genotypes. Factors studied include plant 
growth regulator compositions (type and con-
centration), medium salt formulation, special 
treatment of explant (chemical or physical), 
explant types (leaf, stem), incubation condi-
tions (time, light intensity, and temperature), 
gelling agent and firmness, age of source plant, 
and explant orientation during regeneration. 
Among these studies, only one reported in vitro 
plant regeneration of ʻMarionʼ (Tsao, 1999). 
In that study, Tsao (1999) obtained ≈40% 
plant regeneration from whole leaf explants. 
However, the number of shoots obtained from 
responding explant per vessel was not reported. 
As a highly efficient regeneration method is one 
of the most important factors in determining the 
success of a genetic transformation protocol, 
the major objective of this study was to establish 
an efficient in vitro shoot regeneration system 
for ʻMarion  ̓blackberry.

Materials and Methods

Tissue culture maintenance and explant 
preparation. In vitro cultures of ʻMarionʼ
were multiplied and maintained on a Modified 
Blackberry Multiplication Medium (MBMM, 
Reed, 1990), which consists of Murashige and 
Skoog (MS) salts and vitamins (Murashige 
and Skoog, 1962), 1× MS iron plus 0.2 g·L–1 

of Sequestrene Fe 138 (Novartis, Greensboro, 
N.C.) with 4.4 µM BA, 0.5 µM IBA and 2.9 
µM GA

3
. Two- to three-month old in vitro 

micropropagated stock plants were cut into 
stem segments, each with one to two leaf buds 
and the leaf blades removed. Stock plants and 
stem segments were cultured in GA7 Magenta 
vessels (Magenta Corp.,  Chicago), each with 
40 mL MBMM or thidiazuron (TDZ) pretreat-
ment medium (MBMM with 1 µM TDZ), 
respectively.

General culture methods and experimental 
design. Unless otherwise described, healthy 
and fully expanded leaves and petioles col-
lected from 3-week-old plantlets initiated on 
TDZ pretreatment medium were used for all 
experiments. Hyperhydric leaves were dis-
carded. Petioles were excised and the distal 1/3 
to 1/4 of leaves were cut transversely through 
the mid-vein and placed on medium abaxial 
side down. For petiole explants, petioles were 
cut into 5-mm segments and placed abaxial 
side on the surface of regeneration medium. 
Newly cut explants on regeneration medium 
were incubated in darkness at 23 °C ± 2 °C 
for 1 week before transfer to 16-h photoperiod 
[photosynthethic photon flux (PPF) ≈50 
µmol·m–2·s–1] at 23 °C ± 2 °C for 4 weeks. Each 
treatment consisted of four replicate plastic 
petri dishes (100 × 15 mm) containing 25 mL 
of Woody Plant Medium [WPM (Lloyd and 
McCown, 1980)] and 12 explants. Replicate 
dishes were arranged in a completely random-
ized design with subsampling. All experiments 
were conducted three times. Data collected 
in all experiments included the number of 
regenerating explants and number of shoots 
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ʻMarionʼ blackberry (Rubus sp. L.) is a 
hexaploid cultivar derived from a cross between 
ʻChehalemʼ and ʻOlallieʼ. It was released in 
1956 by the cooperative breeding program 
of the U.S. Dept. of Agriculture–Agricultural 
Research Service (USDA–ARS) and the Ore-
gon Agricultural Experiment Station (Finn 
et al., 1997). It is the most widely planted 
blackberry cultivar in the world and is the 
predominant cultivar grown primarily in 
Oregonʼs Willamette Valley (Strik, 1992). 
ʻMarionʼhas become the dominant blackberry 
with worldwide appeal because of its process-
ing quality including superior texture, color, 
and flavor. However, the lack of sufficient cold 
tolerance seriously affects its yield and may 
lead to an erratic supply from year to year (Bell 
et al., 1992; Bell and Strik, 1995; Cortell and 
Strik, 1997). One way to improve ʻMarionʼ

blackberry's cold hardiness is through the 
introduction of hardiness genes by traditional 
breeding. However, this is a slow process and 
may result in the loss of many of the favorable 
traits that make up this elite cultivar.

Incorporating cold tolerance genes through 
recombinant DNA technology is a viable 
alternative to the use of traditional breeding 
techniques. Improvement of freezing tolerance 
traits by genetic engineering was recently 
demonstrated for Arabidopsis thaliana (L.) 
Hey Reynh (Jaglo-Ottosen et al., 1998; Kasuga 
et al., 1999; Sakamoto et al., 2000). In these 
cases, genes that confer freezing tolerance were 
introduced without disrupting the otherwise 
desirable genetic constitutions. This might be 
an ideal approach to improve cold hardiness of 
ʻMarionʼwhile maintaining favorable process-
ing characteristics. A prerequisite to achieving 
successful genetic transformation in ̒ Marionʼ
is the development of an efficient regeneration 
system that facilitates the regeneration of whole 
plants from cultured cells, tissues, or organs. 
Such a system is currently not available for 
ʻMarion  ̓blackberry.

Protocols for in vitro plant regeneration 
from a number of Rubus genotypes, including 
blackberries, raspberries (R. idaeus L.), and 
their hybrids, are available (Cousineau and 
Donelly, 1991; Fiola and Swartz, 1986; Graham 
and McNicol, 1990; Mathews et al., 1995; 
Mezzetti et al., 1997; McNicol and Graham, 
1990; Swartz et al., 1990; Tsao, 1999; Turk et 
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per petri dish.
Data collection and statistical analysis. 

Percent regeneration was defined as the 
percentage of explants that produced at least 
one shoot. Mean number of shoots per plate 
was obtained by counting the total number of 
shoots from regenerating explants in a plate. 
We recorded percent regeneration and number 
of shoots/explant weekly from 1 to 4 weeks 
after the plates were placed in light. However, 
we only reported the data from the fourth week 
because differences among treatments were 
greatest. Statistical analysis was conducted 
using the Logistic Regression Procedure for 
the regeneration efficiency (%) and the Pois-
son Procedure for number of shoots per petri 
dish of SAS Version 8.02 (SAS Inst. Cary, 
N.C., 1999). Regression analysis was used to 
determine the dosage effect of BA and IBA 
levels on each explant and time effect of TDZ 
pretreatment.

Effect of BA and IBA combinations on 
shoot organogenesis. Thirty factorial combi-
nations of BA (0, 1, 2, 5, and 10 µM) and IBA 
(0, 0.5, 1, 2, 5, and 10 µM) were tested for 
their effect on shoot regeneration. Leaf and 
petiole explants were prepared and cultivated 
as stated above.

Effect of cytokinin type on shoot organo-
genesis. Using the best BA/IBA concentrations 
from the experiment described above, we com-
pared the effect of equal molar concentration of 
BA, kinetin, and zeatin on shoot regeneration. 
Leaf explants were placed abaxial side down 
on WPM with 5 µM of individual cytokinin 
and 0.5 µM IBA.

Effect of auxin type on shoot organogenesis. 
Using the best result from the cytokinin experi-
ments, we compared the effect of equal molar 
concentration (0.5 µM) of IBA, IAA , NAA, and 

2,4-D, combined with the best cytokinin and 
its concentration on shoot regeneration. Leaf 
explants were prepared as described above.

Effect of medium type on shoot organogen-
esis. Once the best plant growth regulator and 
concentrations were known, the effect of three 
medium formulations WPM, MS, and BMM 
(Blackberry Multiplication Medium) on shoot 
organogenesis was compared. Leaf explants 
were prepared as described above.

Effect of TDZ pretreatment duration on 
shoot regeneration. We compared the effect 
of 0, 3, 4, 5, and 6 weeks of culture on TDZ (1 
µM) containing medium on shoot regeneration, 
using the optimum conditions identified in 
the previous experiments. Leaf explants were 
prepared and placed on WPM with 5 µM BA 
and 0.5 µM IBA.

Effect of leaf integrity on shoot organo-
genesis. Shoot regeneration efficiency from 
entire leaves, the basal 2/3 to 3/4 and the up-
per 1/3 to 1/4 of the leaf blade was compared. 
Leaf explants collected from TDZ pretreated 
plantlets were placed on WPM with 5 µM BA 
and 0.5 µM IBA.

Effect of leaf explant orientation on shoot 
organogenesis. The top 1/3 to 1/4 of each leaf, 
collected from TDZ pretreated plantlet, was cut 
transversely through the mid-vein and placed 
on WPM with 5 µM BA and 0.5 µM IBA with 
either abaxial or adaxial surface in contact 
with medium.

Effect of wounding on shoot organogenesis.
Leaf explants collected from TDZ pretreated 
plantlets were either wounded with a sharp 
point dissecting needle or transferred intact 
to WPM with 5 µM BA and 0.5 µM IBA with 
the abaxial surface in contact with medium. 
About 1/3 to 1/4 of wounded leaves was cut 
transversely through the mid-vein and then 

stabbed ≈10 times with a needle.

Results and Discussion

Our goal was to develop an efficient plant 
regeneration system for ʻMarionʼ blackberry 
in which shoots are directly regenerated from 
leaf and petiole explants with minimal callus-
ing to minimize the potential of somaclonal 
variation. Generally, shoots appeared on the 
explant surface within 10 d of transfer to light. 
Examination using a dissecting microscope 
revealed that shoots originated directly from 
explants without visible callus.

The number of shoots from regenerating 
explants peaked at around the third week and 
then only increased in size but not number 
(data not shown).

Explant type, BA and IBA combinations 
on shoot organogenesis. A significant inter-
raction between explant type, BA, and IBA 
was observed for shoot regeneration rate 
and number of shoots per petri dish (Table 1, 
Table 2). Leaf explants failed to regenerate 
when IBA increased to 5 and 10 µM (Fig. 1A) 
regardless of BA concentration. At such IBA 
levels, a low shoot regeneration rate was 
obtained from petioles only when IBA 5 µM

was combined with BA 2 µM (Fig. 1B). Since 
explants responded differently to BA and IBA 
(Tables 1 and 2), dosage effect of BA and IBA 
was analyzed using polynomial regression 
for leaves and petioles separately [Regen-
eration efficiency (%)

leaf 
= 13.21 + 12.26*BA 

– 16.29*IBA – 0.93*BA2 – 1.83*BA*IBA + 
3.56*IBA2 + 0.17*BA2*IBA – 0.20*IBA3 (R2

= 0.65, P < 0.0001); Regeneration efficiency 
(%)

petiole 
= 27.13 – 16.42*IBA – 0.51*BP*IBA 

+ 0.38*IBA2 + 0.04*BA*IBA2 – 0.2*IBA3 

(R2 = 0.65, P < 0.0001); Log (No. shoots/

Table 2. Poisson regression summary table for the number of shoots per petri dish 
from 3-week old TDZ pretreated ʻMarionʼ leaf and petiole explants on WPM 
supplemented with BA and IBA in a 2 × 5 × 6 factorial experiment. Whole 
experiment was conducted three times.

Model equation (nonsignificant parameters not included)

LOG (No. shoots/petri dish) =
0.77 + 0.69*BA – 0.48*IBA + 0.47*Explant – 0.07*BA2 – 0.58*IBA*Explant

Summary of Fit

Mean of Response: 3.1361 Deviance:1621.0295 Pearson χ2: 1955.748
SCALE (Pearson): 1.6679 Deviance/DF: 2.3059 Pearson χ2/DF: 2.7820

Analysis of Deviance
Source DF Deviance Deviance/DF
Model 16 3895.4214  243.4638
Error 703 1621.0295 2.3059
Corrected Total 719 5516.4509 ---

Type III (Wald) Tests
Source DF χ2 Pr >χ2

BA 1 308.3009 <0.0001
IBA 1 28.4415 <0.0001
Run 2 0.8085 0.6675
Explant  1 13.4922 0.0002
BA2 1 314.1789 <0.0001
BA*IBA 1 3.6827 0.0550 
BA*Run  2 0.4908 0.7824
BA*Explant  1 3.7991 0.0513
IBA2 1 1.0194 0.3127
IBA*Run  2 0.0884 0.9567
IBA*Explant  1 19.9973 <0.0001
Run*Explant 2 2.6307 0.2684

Table 1. Logistic procedure (forward selection) summary 
table for the percentage of explants that produced shoots 
from 3-week old TDZ pretreated ̒ Marionʼleaf and petiole 
explants on WPM supplemented with BA and IBA in a 
2 × 5 × 6 factorial experiment. Whole experiment was 
conducted three times. Nonsignificant effects were rejected 
by forward selection.

Logistic procedure statistics
Score χ2 DF Pr > χ2

Likelihood ratio 977.1 6 <0.0001
Effect entered  

Explant 7.2 1 0.0071
BA 22.01 1 <0.0001
IBA 818.1 1 <0.0001
Explant*BA 20.0 1 <0.0001
Explant*IBA 4.0 1 0.0447
BA*IBA 6.0 1 0.0143

Residual 2.8 9 0.9707
Maximum likelihood estimates

DF Estimate SE Wald χ2 Pr > χ2

Intercept 1 –1.72 0.41 17.46  <0.0001
Explant 1 0.71 0.23 9.05 0.0026
BA  1  0.61 0.10 37.18 <0.0001
IBA 1 –0.84 0.13 40.07 <0.0001
Explant*BA  1 –0.25 0.06 19.28  <0.0001
Explant*IBA 1 0.13  0.06 4.02 0.0450
BA*IBA 1  –0.05 0.02 4.68 0.0306
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petri dish)
leaf

= 1.24 + 0.69*BA – 0.21*IBA 
– 0.07*BA2 ; Log (No. shoots/petri dish)

petiole
= 0.77 + 0.69*BA – 0.48*IBA – 0.07*BA2]. 
Among the BA and IBA combinations tested, 
leaf explants incubated in WPM with 5 µM BA 
and 0.5 µM IBA produced more regenerating 
leaf explants and shoots per petri dish than 
any other combinations (Fig. 1, A and B). 
For petiole explants, we found that no single 
plant growth regulator alone stimulated high 
frequency shoot regeneration or a large number 
of shoots per petri dish (Fig. 1, C and D). Tsao 
(1999) reported that 5 or 10 µM BA combined 
with zero or 0.5 µM IBA was best for stimulating 
regeneration of ̒ Marionʼleaf explants. Plant re-
generation percentage and the number of shoots 
per petri dish were significantly higher from 
leaves (Fig. 1, A and B) than petioles (Fig. 1, 
C and D). Explants on WPM with 5 or 10 µM

IBA combined with any concentration of BA 
produced callus, but failed to produce shoots, 
although some explants developed roots (data 
not shown). Our results differ from that re-
ported by Cousineau and Donnelly (1991) who 
did not pretreat ʻCometʼ red raspberry stock 
material with TDZ, but added TDZ to their 
regeneration medium and found no difference 
in adventitious shoot regeneration efficiency 
among leaf blade explants, detached petioles, 
and leaf explants with petioles attached. We 
observed that shoots grew from either or both 
of two cut ends of petioles and very seldom 
from the center, resulting in fewer shoots per 
petri dish. In our experiments, 3-week-old 
plantlets produced thin (≈1 mm thick) and 
short (≈0.5 cm long) petioles, which usually 
made it impossible for them to be cut into sec-
tions. In contrast, shoots emerged from the cut 
surface at the base of the leaf blades and from 
the surface of the leaf blade, resulting in more 
shoots per explant for leaf explants.

Effect of cytokinin type on shoot organo-
genesis. In our research, BA (5 µM) combined 
with 0.5 µM IBA was found to be significantly 
more effective in inducing shoot regeneration 
than either kinetin or zeatin, at similar concen-
trations when shoot cultures were pretreated 
with TDZ (Fig. 2, A and B). BA and TDZ 
are the most commonly used cytokinins for 
regeneration of Rubus genotypes (Cousineau 
and Donnelly, 1991; Fiola and Swartz, 1986; 
Fiola et al., 1990; Gingas and Stokes, 1993; 
Graham and McNicol, 1990; McNicol and 
Graham, 1990). The effect of zeatin on organo-
genesis appears to be less efficient than TDZ 
in raspberry, blackberry, and hybrid cultivars 
(Graham et al. 1997).

Effect of auxin type on shoot organogenesis.
We found that, when combined with 5 µM BA, 
0.5 µM IBA was significantly better than similar 
concentrations of IAA, NAA, or 2,4-D for shoot 
regeneration of ̒ Marionʼblackberry (Fig. 2 C 
and D). The auxins 2,4-D and IBA are com-
monly used in Rubus regeneration protocols. 
Fiola and Swartz (1986) reported that 2,4-D 
level at 1.0 mg·L–1 was ideal for promoting 
somatic embryogenesis from mature and im-
mature red raspberry ovules. Graham et al. 
(1997) reported that NAA was the most effec-
tive auxin for initiating somatic embryogenesis 
in a wide range of Rubus genotypes.

Fig. 1. Effect of BA and IBA concentration on shoot regeneration rate (%) and number of shoots per petri 
dish for leaf (A and B, respectively) and petiole (C and D, respectively). Vertical bars, which represent 
standard error, that overlap are not significantly different.

Fig. 2. Effect of 5 µM cytokinins (BA, kinetin, and zeatin) or 0.5 µM auxins (IBA, IAA, NAA, and 2,4-D) 
on shoot regeneration. (A) explants with shoots (%) and (B) number of shoots per petri dish when IBA 
(0.5 µM) was combined with each cytokinin separately. (C) explants with shoots (%) and (D) number 
of shoots per petri dish when BA (5 µM) was combined with each auxin separately. Bars with same 
letters are not significantly different according to least significant difference, P ≤ 0.05
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Effect of medium type on shoot organogen-
esis.Medium formulation affects regeneration 
efficiency for Rubus genotypes (Turk et al., 
1994). While MS medium is used for a wide 
range of plant species, including Rubus, BMM 
was developed specifically for blackberry 
(Reed, 1990), and WPM, which was developed 
for Ericaceous plants, has also been used for 
some non-Ericaceous fruit crops (Zimmerman 
and Swartz, 1994). We found that regenera-
tion percentage and the number of shoots per 
petri dish were significantly better on WPM 
medium than BMM or MS medium (Fig. 3, 
A and B).

Effect of TDZ pretreatment on shoot re-
generation. ʻMarionʼ explants were unable to 
regenerate shoots without TDZ pretreatment 
under our conditions (Fig. 4, A and B). The 
regeneration percentage was significantly 
improved when a 3-week TDZ pretreatment 
was used. However, the regeneration per-
centage declined when longer pretreatments 
were used (Fig. 4A). The number of shoots 
per petri dish was reduced when explants 
were taken from shoots pretreated 4 weeks 
or longer. When testing the effect of the 
length of time in the pretreatment, we found 

Fig. 3. Effect of medium salts formulation [Woody Plant Medium (Lloyd and 
McCown, 1980), Blackberry Multiplication Medium (Reed, 1990), and 
MS salts and vitamins (Murashige & Skoog, 1962)] on the (A) explants 
with shoots (%) and (B) number of shoots per petri dish. Bars with same 
letters are not significantly different according to least significant differ-
ence, P ≤ 0.05.

Fig. 4. Effect of 0, 3, 4, 5, and 6 weeks of TDZ pretreatments on (A) explants 
with shoots (%) and (B) number of shoots per petri dish. Bars with same 
letters are not significantly different according to least significant differ-
ence, P ≤ 0.05.

following polynomial formula: Regeneration 
efficiency (%) = 36.41*Week – 5.76*Week2

(R2 = 0.80, P < 0.0001) and No. shoots/petri 
dish = 22.82*Week – 3.88*Week2 (R2 = 0.77, 
P < 0.0001). Although TDZ is a very effective 
cytokinin for many woody plant species, Tsao 
(1999) found that BA was better than TDZ for 
inducing shoots when it was included in the 
pretreatment and regeneration medium for 
a number of blackberry genotypes, includ-
ing ʻMarionʼ. However, TDZ induced shoot 
formation in other Rubus species when added 
directly to regeneration medium (Hassan et al., 
1993; Turk et al., 1994) and when pretreating 
stock plants (Swartz et al., 1990; Tsao 1999). 
Swartz et al. (1990) reported that TDZ concen-
trations >1 µM excessively inhibited leaf size 
and their ability to be manipulated in vitro. We 
also observed that TDZ concentrations >1 µM

stimulated hyperhydricity. Hence, we selected 
1 µM TDZ for optimizing stock plant pretreat-
ment conditions. Although hyperhydricity and 
abnormal leaves were found in all stock plants 
with various durations of TDZ pretreatment, 
prolonged TDZ treatment significantly in-
creased the frequency of abnormalities.

Effect of leaf integrity on shoot organogen-

esis. Whole leaves and the basal parts of the 
leaf explants were equally competent in shoot 
regeneration (Fig. 5). However, the distal part of 
the leaf explants failed to produce shoots. While 
Tsao (1999) found whole leaves were better 
than cut leaves, in our experiment there was no 
advantage to cutting leaf explants transversely 
as they did not produce more shoots than the 
intact leaf explants. Shoots did not form on 
the cut surface despite a significant amount of 
callus formation but were commonly observed 
at, and around, the cut surface at the base of 
the leaf blade (Data not shown).

Effect of leaf explant orientation on shoot 
organogenesis. It was reported that Rubus
leaves responded similarly regardless of 
which epidermal layer was in contact with 
the medium surface (Mathews et al., 1995; 
Turk, et al., 1994). However, we found that 
regeneration percentage was higher and there 
were more shoots per petri dish when the 
abaxial side of the leaf was in contact with 
the medium (64.3% ± 8.9% and 35.5 ± 27 
shoots/petri dish vs. 40.4% ± 11.5% and 13.5 
± 2.0 shoots/petri dish). Regardless of their 
orientation, all shoots were regenerated from 
the adaxial side of leaf explants.
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All the parameters we examined had 
significant effects on in vitro shoot regenera-
tion of ʻMarionʼ. Our results confirmed those 
reported by Tsao (1999) that TDZ pretreatment 
and high concentration of BA, in combination 
with low concentration of IBA, induced shoot 
regeneration of ʻMarionʼ. By optimizing all 
parameters described above, we were able to 
improve the regeneration efficiency to ≈70% 
compared to that reported previously (≈40%). 
We are currently applying this improved in 
vitro plant regeneration system toward the 
development of a transformation protocol for 
ʻMarionʼ.
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